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INTRODUCTION 
In recent years, a joining method known as electrofusion welding has been introduced 
into the water industry to join together plastic pipes. The welding procedure is fairly 
straightforward: the ends of two pipes are inserted into a coupler and an electric current is 
supplied to a coil moulded within the coupler. The heat generated in the coils acts as a 
source of the energy needed to fuse the coupler and pipes together. A graphical 
representation of a joint is shown in Fig.I. As the welding is performed on-site, often in 
unforgiving conditions, it is inevitable that some joints will be defective. The result is that 
the life of the joint can be greatly reduced. It is therefore important that defective welds are 
identified as soon as possible (i.e. immediately after welding). For such a problem, 
nondestructive evaluation could offer a solution. Probably the most obvious technique to 
use is normal incidence C-scanning. However, this technique tends to be time consuming as 
virtually the entire area covered by the coupler has to be scanned. An alternative technique 
which is potentially much quicker is via the use of Lamb waves. The potential of Lamb 
waves in NDE has been demonstrated by various researchers [1-3]. The original theory was 
developed for plate structures [4], but in more recent times has been extended to cylindrical 
bodies such as pipes [5-8]. Lamb waves have also been investigated with regards to defect 
detection [see for example 3, 9-12]. 
In the first instance, the geometry of the joint can be modelled as a stepped plate, 
basically consisting of two different thickness plates joined together, the thinner section 
representing the unwelded part of the pipe and the thicker section the joint. 
Figure 1. Diagrammatic representation of an electrofusion joint. 
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Figure 2. Geometry and co-ordinate system of stepped plate. 
The purpose of this paper is to present the results of a feasibility study on the 
possibility of using Lamb waves for defect detection in such a stepped geometry. The 
work concentrates on exciting particular Lamb modes, So and ao, in the parent pipe and 
looking for reflections off defects located in the welded region. As the studies are of a 
generic nature, the properties of aluminium have been employed; in plastics, similar modes 
will exist but the attenuation will be much greater. The results of a finite element analysis 
of the reflection and transmission of Lamb waves across the step and the reflection off 
semi-infinite cracks are presented and conclusions drawn on the feasibility of the method if 
applied to plastics. 
ANALYSIS 
Dispersion Curves 
In order to investigate Lamb wave propagation it is first necessary to decide on the zone 
of excitation on the dispersion curves. To keep the number of modes in the parent plate 
down to a minimum (i.e. two), the range of the frequency-thickness product must be less 
than the cut-off frequency-thickness product for the al mode (i.e. approximately 1.55 
MHzmm). Given that the So mode in this range is fairly non-dispersive, the investigations 
will focus initially on this mode for excitation of the parent plate. Later on the ao mode is 
considered. 
Numerical Simulations Of Stepped Plate 
The geometry and co-ordinate system of the stepped plate is shown in Fig.2, the 
thickness of the parent plate (L-end) being fixed at 2mm and that of the joint plate (R-end) 
being variable (2.5, 3.0, 3.5, 4mm). To model the interaction of Lamb waves with the 
stepped plate, a finite element package, FE77 [14] was used. The model was two 
dimensional, plane-strain and stress free boundaries being assumed. To propagate so' a 
uniform displacement in the x-direction was applied across the thickness of the parent plate. 
The symmetry of the input ensures that no other modes are excited. The excitation signal 
was a 3 cycle, 0.3 MHz sinusoidal tone burst in a Gaussian window. This particular 
frequency was chosen in order to ensure that So was fairly non-dispersive in the parent 
plate. The bandwidth of the signal is such that it will not excite modes higher than those of 
zero order. The finite element mesh consisted of 4-noded, 0.5mm square elements. 
Fig.3a shows the temporal response in the x direction at a surface node in the parent 
plate of the transmitted Lamb waves across the step for t2=2.5mm, the input in the parent 
plate being the So mode. Two modes are present; the first pulse is the transmitted sO mode 
and the next pulse is the mode converted ao mode. The amplitude of So is considerably 
greater than that of ao. 
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Figure 3. a). Time domain trace for transmitted Lamb waves across a step (t2=2.5mm). 
b). Time domain trace for transmitted Lamb waves across a step (t2=3mm). 
For comparison, Fig.3b shows the temporal response of Lamb waves transmitted for 
t2=3mm, with the input being the ao mode. Once again, two modes can be seen; a 
transmitted ao mode and a mode converted So mode. In this case however, the amplitude of 
the ao mode is greater than that of the So mode. In addition, as a result of using a thicker 
joint plate, the ao mode shows more dispersion than in the previous case. 
To analyse the results of the FE model, a number of nodes were monitored in both parts 
of the stepped plate and two-dimensional Fourier analysis (2D FFT) [13] was performed to 
decompose the signals into both the spatial and temporal domains. The advantage of a 2D 
FFT is that modes with the same frequency but different wavenumbers can be differentiated 
whereas Fourier analysis in the frequency domain alone cannot achieve this. This becomes 
very important where signals start to overlap and hence impossible to separate out in the 
time domain. Furthermore, a 2D FFT can distinguish between a forward (positive x) and a 
backward (negative x) travelling wave so that two waves with the same wavenumber but 
travelling in opposite directions can be separated out. 
We now define the displacement reflection ratio (R) and transmission ratio (T) as 
follows: 
R = amplitude of surface displacement of reflected mode 
amplitude of surface displacement of incident mode 
T = amplitude of surface displacement of transmitted mode 
amplitude of surface displacement of incident mode 
These ratios have been defined with respect to surface displacements because in a practical 
set-up, measurements will be restricted to the surface so these ratios would relate directly 
to what is being measured. 
Figs. 4 and 5 show the reflection ratios for t2=3mm and 4mm respectively and Fig.6 
shows the transmission ratio for t2=4mm, displacements in the x direction being considered. 
The reflection and transmission ratio graphs all show a frequency dependence which can be 
attributed to the changes in the mode shape with frequency. At low values of t2 (and hence 
low frequency thicknesses in the joint plate), the reflection and transmission ratios vary 
smoothly with frequency. As the thickness increases, abrupt changes start to occur at the 
higher frequencies. If we look closely at the graphs corresponding to t2=4mm we can see 
that at about 0.37 MHz distinct maxima and minima are visible. This corresponds to a 
frequency-thickness of about 1.55 MHzmm in the joint plate which is 
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Figure 4. Reflection ratio vs frequency for t2=3rnrn (input So mode). 
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Figure 5. Reflection ratio vs frequency for t2=4rnrn (input So mode). 
1.00 
o 0.80 ~ 0.60 
v) 0.40 ~ 0.20 
0.00 
·······fo··•···••····· 
/ 
0.15 0.2 0.25 0.3 0.35 0.4 0.45 
freq(MHz) 
Figure 6. Transmission ratio vs frequency for t2=4rnrn (input So mode). 
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Figure 7. Strain energy ratio vs frequency for t2=3rnrn (input So mode). 
very close to the cut-off frequency-thickness for the al mode. On the graph of the 
transmission ratio for t2=4mm, the curve for the a 1 mode has been included. This curve 
does not exist for t2=3mm as the frequency-thickness was not large enough to excite the 
a 1 mode. We can deduce from this that the appearance of the a 1 mode leads to a 
significant change in the way energy is distributed at the step. In order to keep the number 
of modes in the joint plate to a minimum and hence simplify the signals, we must ensure 
that the frequency-thickness in this part of the plate is also less than 1.55MHzmm. 
Fig.7 shows a plot of the strain energy contained in the various possible Lamb modes 
after interaction with the step, for t2=3mm. The dominant energy carrier is the transmitted 
So mode with about 92% of the incident energy. Although the work here has been carried 
out specifically for an input So mode, the case of an input ao mode should produce 
opposite results, i.e. the amount of ao transmission would be greater than that for so. 
Numerical Simulations Of Lamb Wave-Defect Interaction 
Next, we look at the interaction of Lamb waves with defects. For computational 
efficiency we will consider a uniform plate with a delamination and then combine the 
results with those obtained earlier for interaction with a step. The delamination extended 
to the right hand end of the plate as shown in Fig.8a. This model is satisfactory if we are 
only considering the reflections from the start of a real, finite length delamination. The 
delamination was modelled by the separation of nodes[12]. As a coupler can have varying 
thicknesses, depending on the manufacturer, we investigated the detectability of the crack 
as we varied its planar position through the wall thickness. Four positions were chosen, 
each position being a multiple of 1/8 the thickness of the plate. A wall thickness of 2mm 
was considered which ensured that only two modes could exist in the excitation 
bandwidth. Given that as a result of mode conversion at the step, two modes can exist, we 
considered separately the case of introducing both incident So and ao Lamb waves. Time 
domain responses were obtained by monitoring the in-plane displacements on the plate 
surface (Fig.8a). Fig.8b shows the time domain response for an input So mode with the 
crack being situated at quarter thickness through the plate. The first pulse So I represents 
the input mode. The second pulse SO TRT represents the incident So mode after it has been 
transmitted past the crack, reflected off the far end of the plate and transmitted past the 
crack once more. Any signals reflected from the defect should lie between these two 
pulses. However no intermediate signal can be seen. 
It is interesting to compare these results to those obtained by Guo and Cawley[12] who 
studied the interaction of Lamb waves with delaminations in composite plates. Their 
studies showed that the So mode could be used to detect delaminations in cross-ply 
composites provided the delaminations were not located at positions of zero shear stress; a 
maximum shear stress correlated with a maximum reflection. Unfortunately, the shear 
stresses in the So mode in an isotropic plate are very small, as shown in the stress mode 
shape of Fig.8c and so the reflection from a delamination anywhere through the thickness 
is negligible. In contrast, large shear stresses are seen in the So mode with a cross-plied 
composite plate[12]. 
Fig.9a shows the corresponding time domain plot for an incident ao mode. The first 
pulse aO I is the input pulse and the second pulse ao R is the reflected ao mode from the 
delamination. Note that no So mode from the delam'ination can be seen; it does exist but its 
amplitude is very small. The third pulse So TRT corresponds to the incident mode being 
transmitted into the cracked region as So ' 'propagating to the far side of the plate where it 
is reflected and then being transmitted back to the uncracked region as so. A reflected ao 
mode from the far side of the plate also exists but as it is slower than the So mode it 
appears after the So TRT pulse and has not been included in the figure. For this case of 
inputting ao, the reflection amplitude of ao is appreciably larger than that for incident So 
and can once again be attributed to the shear stresses in the plate which are now higher 
(Fig.9b). From a practical point of view, it seems that the reflected ao mode would be the 
most promising mode for defect detection. Fig. 10 shows a plot of the reflection ratio and 
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Figure 8. a) Schematic showing excitation and monitoring positions on a plate containing a 
delamination; b) Time domain response of reflected Lamb waves from a semi-
infinite delamination (incident sO); c) Normalised stress distribution (shear 
and in-plane) for So mode. 
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Figure 9. a) Time domain response of reflected Lamb waves from a semi-infinite delami-
nation (incident ao); b) Normalised stress distribution (shear and in-plane) for 
ao mode. 
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Figure 10. Reflection ratio and shear stress vs depth of delamination through plate 
thickness for ao mode. 
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Table 1. Overall reflection ratio of reflected Lamb wave from a delamination for different 
configurations of input and reception Lamb modes. 
INCIDENT MODE RECEIVED MODE IN RECEIVED MODE IN 
IN PARENT PARENT PLATE (Refl. PARENT PLATE (Refl. 
PLATE Ratio) no attenuation Ratio) with attenuation 
ao 3.50% ao 0.0144% 
ao So 1.05% So 0.0043% 
ao 0.51% ao 0.0021% 
So So 0.15% So 0.0006% 
shear stress versus depth through the thickness of the plate. It can be seen that both 
profiles are parabolic in nature with maximum reflection ratio correlating with maximum 
shear stress at the mid-plane of the plate. 
DISCUSSION 
Inputting an ao mode into the parent plate will lead to larger reflections off the 
delamination. The expense of using this mode is that it is fairly dispersive and may lead to 
the signal being spatially long and resolution problems may become prevalent. It is possible 
to decrease the frequency bandwidth for excitation by increasing the number of cycles. 
However, although this may reduce dispersion, the end result is that the signal will be 
temporally longer and once again resolution problems may become significant. 
Using the case of t2=3mm, an overall reflection ratio has been calculated at a frequency 
of 0.3 MHz (see Table 1, 2nd column). In order to do this, the parent plate is excited with 
either So or ao. The amplitude of the transmitted ao mode across the step is then taken. The 
ao mode is then reflected from the delamination as ao and on reaching the step again can be 
transmitted across it as either ao or So to the parent plate. The overall reflection ratio is then 
defined as the ratio of the amplitude of the received signal to the amplitude of the input 
signal. From Table 1, we can see that using an input ao mode rather than an So would be 
very beneficial, with an increase in the reflection ratio of over 500% if we compare the best 
input ao case with the best input So case. In both cases, the optimum reception mode is ao. 
We now consider how these results would be affected in plastics. The principal effect of 
a viscoelastic medium is to introduce attenuation. In plastics, this can be very high as is the 
case in polyethylene. The attenuation of Lamb waves for the first two modes in a medium 
density polyethylene have been calculated and used to re-evaluate the reflection ratios. The 
attenuation calculations were carried out for a frequency-thickness in the joint plate of 0.9 
MHzmm, the thickness of the polyethylene being taken as lOmm implying a frequency of 90 
kHz. The results in Table 1 are shown for a propagation path length between the point of 
excitation of the incident Lamb wave to the delamination position of 100mm. We can see 
that the inclusion of attenuation has reduced the signal to a level much too small to 
measure. 
CONCLUSIONS 
Finite element analysis has been used to model the propagation of Lamb waves in a step 
geometry and the interaction of Lamb waves with delaminations. It has been shown that as 
the step height increases, the ratio of the energy of the transmitted non-mode converted 
mode to the energy of the transmitted mode-converted mode falls. If the frequency 
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thickness of the plate is such that any higher order modes can exist, maxima and minima are 
seen in the reflection ratio curves. 
Studies on the reflectivity off delaminations have shown that an incident sO mode does 
not produce adequate reflections, the reason being the very low shear stresses generated in 
this mode in isotropic materials. The situation is much improved when inputting ao, the 
reflectivity being a maximum when the defect is located at the mid-plane, where the shear 
stress is maximum. Given that for most situations the joint thickness is twice the thickness 
of the parent pipe, defects are most likely to lie at the mid-plane of the joint section. Tests 
using an incident ao mode in the joint region should then produce the maximum reflection 
possible for the given thickness. In order to achieve as large a reflection as possible off a 
delamination, it is necessary to maximise the amount of ao transmitted across the step. This 
can be achieved by having an incident ao at the parent plate end. If an attenuative medium is 
considered, the effect of attenuation has been shown to dramatically reduce the reflection 
ratios to levels which would be very difficult to detect. Therefore, the detection of defects 
using this Lamb wave method is limited to low attenuating materials such as metals and 
GRP. A further difficulty with the use of Lamb waves in the electrofusion couplers of the 
type shown in Fig. 1 would be the existence of reflections from the heater wires which 
would exist even in the absence of a delamination. 
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